Intracellular pathogens survive in eukaryotic cells by evading a variety of host defences. To avoid degradation through the endocytic pathway, intracellular bacteria must adapt their phagosomes into protective compartments that promote bacterial replication. Legionella pneumophila and Coxiella burnetii are Gram-negative intracellular pathogens that remodel their phagosomes by co-opting components of the host cell, including Rab GTPases. L. pneumophila and C. burnetii are related phylogenetically and share an analogous type IV secretion system for delivering bacterial effectors into the host cell. Some of these effectors mimic eukaryotic biochemical activities to recruit and modify Rabs at the vacuole. In the present review, we cover how these bacterial species, which utilize divergent strategies to establish replicative vacuoles, use translocated proteins to manipulate host Rabs, as well as exploring which Rabs are implicated in vacuolar biogenesis in these two organisms.
Introduction
Intracellular bacterial pathogens use a wide range of unique and complex mechanisms to evade killing by the eukaryotic host cell and establish a niche conducive to replication. For bacteria that remain within a vacuole, being able to manipulate Rab GTPases provides a means to subvert endocytic trafficking and direct the phagosome to interact with other cellular compartments. Legionella pneumophila and Coxiella burnetii, the causative agents of Legionnaires' disease and Q fever respectively, are intravacuolar pathogens that establish very different replicative niches within the eukaryotic host. L. pneumophila actively evades endocytic trafficking and creates an ER (endoplasmic reticulum)-derived niche [1] [2] [3] . By contrast, C. burnetii promotes phagosome fusion with endocytic vesicles, developing a large and fusogenic lysosome-like replicative vacuole [4] .
Although these pathogens have divergent intracellular lifestyles, L. pneumophila and C. burnetii utilize a functionally analogous type IV secretion system, termed the Dot/Icm system, to mediate intracellular replication [5] [6] [7] [8] [9] . This multiprotein secretion apparatus translocates bacterial proteins called effectors into the host cytoplasm. The collective biochemical activities of these effectors enable the pathogen to manipulate the eukaryotic host to facilitate the establishment of a replicative niche.
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The present review explores the relationship between both the LCV (Legionella pneumophila-containing vacuole) and CCV (Coxiella burnetii-containing vacuole) and Rab GTPases. We highlight the complex and co-ordinated actions of effectors of L. pneumophila to control Rab functions to promote bacterial survival and how this knowledge may help to identify C. burnetii effectors that manipulate the functions of Rab GTPases.
L. pneumophila and Rab GTPases
L. pneumophila is capable of replicating in both protozoan and mammalian host cells [2, 10] . After being internalized by a eukaryotic host cell, L. pneumophila remains in a membrane-bound compartment that recruits vesicles exiting the ER [1, 2] . L. pneumophila creates a specialized ERderived compartment that supports bacterial replication by promoting the fusion of host vesicles with the LCV.
Over 270 different L. pneumophila proteins have been shown to be substrates of the Dot/Icm system, which means that approximately 10 % of the predicted protein-encoding genes of L. pneumophila produce effectors that modulate host functions. Clear roles for many of these effectors are yet to be defined; however, their collective action is required for the LCV to avoid fusion with endosomes and lysosomes and to promote the tethering and fusion of ER-derived vesicles with the LCV [11, 12] .
Small GTPases, which cycle between an active and inactive conformation depending on the guanine nucleotide bound, play important roles in the maturation of vacuoles containing L. pneumophila. Using knockdown and dominant-interfering approaches, the GTPase Sar1 has been shown to play an this through bacterial effector proteins injected into the host cell through a type IV secretion apparatus. These effector proteins co-opt the activity of Rab1, which functions in ER-Golgi trafficking, for the benefit of the bacterium. DrrA is a bacterial enzyme, which acts as a Rab1 GEF, stimulating the exchange of GDP for GTP. Rab-GDI is released from Rab1, which drives Rab1 insertion into the LCV membrane. DrrA also contains an adenylylation domain which uses ATP to catalyse the insertion of an AMP moiety into the Rab1 switch II region. L. pneumophila effector AnkX acts as a Rab1-modifying protein, using CDP-choline to transfer a phosphocholine moiety on to Rab1. These two modifications dynamically regulate the function of Rab1 on the LCV. In its unmodified conformation, GTP-bound Rab1 binds to cellular tethering proteins to promote the docking and fusion of ER-derived vesicles with the LCV. important role in generating the ER-derived vesicles that associate with the early plasma-membrane-derived LCV [13, 14] . The protein Rab1 plays a role in the tethering and fusion of these ER-derived vesicles with the LCV [15] , and Arf GTPases are important for further maturation of the LCV into an ER-like organelle [14] . In addition to being important for LCV maturation, the proteins Arf1 and Rab1 are also recruited to the LCV membrane by processes that require the Dot/Icm secretion system ( Figure 1A ) [14, 16, 17] . The unique ability of L. pneumophila to recruit these GTPases to the vacuole membrane has been exploited to identify and understand the biochemical activities of novel effectors that directly modulate the function of these host proteins.
Regulation of Rab1 dynamics by Legionella effector proteins
The Rab1 protein is regulated in a complex and comprehensive manner by L. pneumophila. In eukaryotic cells, Rab1 promotes vesicle trafficking from the ER intermediate compartments to the cis-Golgi [18] . During infection of cells by L. pneumophila, Rab1 is recruited to the LCV and localizes circumferentially to the membrane of the LCV ( Figure 1B ) [16, 17] . Rab1 function is important for formation of the LCV, as L. pneumophila replication is significantly impaired in cells expressing a dominant-interfering variant of Rab1 [16, 17] . Although active Rab1 is required, canonical Rab1 effectors such as tethering proteins p115 and GM130 (cis-Golgi matrix protein of 130 kDa) are not found on the LCV [16] . This indicates that Rab1 may be playing a non-canonical or novel role at the vacuole. Recruitment of Rab1 to the LCV is a bacterially driven process that requires the Dot/Icm system [16, 17] . The L. pneumophila effector DrrA (SidM) is both necessary and sufficient to recruit Rab1 to the LCV [19, 20] . DrrA accomplishes this through a GEF (guanine-nucleotideexchange factor) domain. The GEF domain enables DrrA to bind inactive Rab1 and stimulate GTP exchange, which leads to a stable association of Rab1 with the membrane of the LCV ( Figure 1A ). Although DrrA is sufficient to recruit Rab1 to the LCV, the biological functions of Rab1 may be enhanced by the L. pneumophila effector LidA, which has the capacity to bind to Rab1 in vitro [20] .
Since Rab1 is involved in the docking and fusion of ER-derived vesicles, it follows that its activity should be controlled both spatially and temporally on this compartment. L. pneumophila injects effectors that control both the association and dissociation of Rab1. LepB is an effector that functions in vitro as a specific and potent GAP (GTPase-activating protein) towards Rab1 [21, 22] . LepB accumulates on vacuoles by 2 h post-infection, coinciding with the time when Rab1 begins to dissociate from the LCV [21] . It has been reported that Rab1 localization is more pronounced at 4 h post-infection on an LCV containing a mutant strain of L. pneumophila deficient in LepB function compared with an LCV containing wild-type bacteria [23] . Although the dynamics of Rab1 cycling have not been measured continuously, these preliminary studies suggest that LepB actively promotes Rab1 dissociation in vivo.
L. pneumophila has two effectors capable of modulating the ability of Rab1 to interact with host binding partners by post-translationally modifying amino acid residues located in the switch II region of the GTPase ( Figure 1A ). An adenylylation (AMPylation) domain located in the Nterminal region of DrrA catalyses the transfer of an AMP moiety on to Rab1b Tyr 77 (Rab1a Tyr 80 ) [24] . The L. pneumophila effector AnkX catalyses the addition of a phosphocholine moiety on to Rab1a Ser 79 (Rab1b Ser 76 ) in a process called phosphocholination [25] . These modifications alter the ability of Rab1 to interact with host and bacterial effectors. Both adenylylation [23, 24] and phosphocholination [22, 26] inhibit interactions between Rab1 and LepB, stabilizing the GTP-bound protein on membranes. In addition, these modifications inhibit interactions with Rab-GDI (guanine-nucleotide-dissociation inhibitor), which stabilizes the association of the GDP-bound proteins with the membranes [27] . Thus these modifications may not only modulate the ability of Rab1 to interact with canonical effectors, but also enhance Rab1 accumulation on the LCV membrane.
Recent evidence suggests that these post-translational modifications can be reversed by bacterial demodifying proteins. SidD is a Dot/Icm effector encoded by a gene immediately downstream of the drrA gene that functions as a Rab1-deadenylylating factor [23, 28] . Similarly, Lem3, which is encoded by a gene immediately downstream of ankX, has dephosphocholinase activity [22, 26] . The proximity of these gene pairs suggests very tight homoeostatic regulation of Rab1 modifications by the cognate modifying and demodifying enzymes. How these proteins are regulated, spatially and temporally, remains an interesting question for future investigation.
Recent studies suggest that DrrA-mediated recruitment of Rab1 to the LCV membrane is sufficient to drive a host cell process that leads to the fusion of ER-derived vesicles with the pathogen-occupied vacuole. In vitro studies show that the addition of DrrA to mammalian cells permeabilized with digitonin is sufficient to recruit Rab1 to the plasma membrane and stimulate the fusion of ER-derived vesicles at this location [15] . More importantly, it was found that the host protein Sec22b on the ER-derived vesicles functions as a v-SNARE (vacuolar N-ethylmaleimide-sensitive factorattachment protein receptor) and associates with plasma membrane syntaxins to drive membrane fusion [15] . Thus Rab1 can function as a 'master regulator' of the initial maturation of the LCV from a plasma-membrane-like compartment to an ER-like compartment.
Localization and function of additional Rabs at the LCV
L. pneumophila effectors show different levels of promiscuity in their ability to interact and modify Rab GTPases in vitro. LidA has been labelled a 'supereffector' because it can bind well to Rab1, Rab2, Rab4, Rab6, Rab7, Rab8, Rab9, Rab11, Rab20 and Rab22 by a mechanism that is not affected greatly by the guanine-nucleotide-bound state of the Rab protein [20, [29] [30] [31] . The DrrA GEF domain and the GAP domain in LepB are fairly restrictive, having the highest in vitro activity for Rab1 and closely related Rab1 subfamily members only [19] . In contrast, DrrA has been shown to adenylylate purified Rab1b, Rab3a, Rab4b, Rab6a, Rab8a, Rab11a, Rab13, Rab14 and Rab37 in vitro, and adenylylation of Rab1a, Rab6 and Rab35 has been demonstrated in cells producing DrrA [24, 25] .
The in vivo activity of effectors that modulate Rab proteins is probably regulated by the spatial organization of effectors on host membrane-bound compartments. The N-terminal region of DrrA contains a PI4P (phosphatidylinositol 4-phosphate)-binding domain [32] that localizes DrrA primarily to plasma-membrane-derived organelles [19] . Thus the adenylyltransferase activity of DrrA may be restricted in vivo to only those Rab GTPases present on the plasma-membrane-derived organelle. The protein LepB has a putative transmembrane region near the C-terminus that presumably restricts this GEF to the LCV membrane after protein translocation by Legionella [33] . This should restrict Rab1 deactivation by LepB to only the pool of Rab1 recruited by DrrA to the LCV, and not affect the dynamics of Rab1 on other organelles. How other Rab-modifying effectors such as AnkX, Lem3 and SidD are localized to membranes is unknown and needs to be investigated to fully understand the role of these effectors during infection.
Although no other Rab proteins have been shown to be important for LCV maturation, there are reports of several other Rab GTPases being localized to this compartment during Legionella infection. Rab8, a regulator of recycling endosomes [34] , has been identified on the LCV membrane [29] . Interestingly, Rab8a can be adenylylated by DrrA at Tyr 77 [24] and Rab8 has been shown to bind to LidA [20, 30] . Rab14, which is localized normally to early and recycling endosomes [35] , is also found on the LCV at 1 h post-infection [29] and can be adenylylated by DrrA [24] . Although there are reports of Rab7 localization to the LCV [29, 36] , kinetic studies examining the maturation of vacuoles containing Legionella over time suggest that Rab7 localization to the LCV is a strong indicator that the compartment has not successfully avoided endocytic maturation [36] . Consistent with this hypothesis, Rab7 is associated with most vacuoles containing mutant Legionella that are defective in the Dot/Icm secretion system function shortly after bacterial uptake by macrophages [36] . Thus it is thought that Rab7 acquisition can antagonize formation of the mature ER-derived vacuole that supports Legionella replication.
C. burnetii and Rab GTPases
In contrast with L. pneumophila, C. burnetii does not evade lysosomal fusion, but instead trafficks within the endocytic pathway in order to reach a low pH environment and become metabolically active [37] . The CCV is phenotypically similar to a lysosome as it is decorated by lysosomal membrane proteins, including the vacuolar H + -ATPase, and contains hydrolytic enzymes such as cathepsin D and acid phosphatase [37] . Despite possessing many characteristics of a cellular lysosome, the CCV is a distinct compartment that is actively modified by the bacteria. One of the most obvious characteristics to demonstrate this is the promiscuous fusogenicity of the CCV with components of the endocytic pathway, resulting in a large spacious vacuole that comprises much of the host cytoplasm [38] . The development of the spacious CCV is dependent on the Dot/Icm system as disruption of the Dot/Icm system results in bacteria contained within a lysosome having a tight-fitting membrane that are unable to replicate [8, 9] .
Characterization of the C. burnetii Dot/Icm system and the cohort of effectors translocated into the host cell is not as advanced as our understanding of the analogous L. pneumophila system. However, to date, approximately 60 effectors have been identified and presumably some of these will act to promote the fusogenicity of the CCV, possibly through the modulation of Rab GTPases.
Rab5 and Rab7 are important for development of the CCV
Two well-characterized Rab proteins, Rab5 and Rab7, are key components of endocytic trafficking. Rab5 is important for initial events in the phagocytic pathway and early endosome fusion [39, 40] , and Rab7 is crucial for fusion between the degradative late endosomes and lysosomes [41, 42] . Given that the CCV trafficks through this endocytic pathway to develop into the mature replicative compartment, interaction between C. burnetii and Rab5 and Rab7 is expected.
On the basis of a kinetic study using GFP (green fluorescent protein)-fusion reporter constructs, Rab5 and Rab7 have been shown to be sequentially present on the CCV, following the classical phagocytic pathway, with Rab5 showing maximal recruitment approximately 20 min postinfection before being replaced by Rab7 approximately 1 h post-infection [43] . Rab7 remains on the CCV through the duration of infection [43, 44] (Figure 2 ). The importance of Rab5 and Rab7 function for the development of the CCV has been demonstrated by overexpressing mutants of these Rabs that are either defective for GTP hydrolysis, i.e. GTP-locked versions, or defective for GTP binding and as such are GDP-locked. In the case of both Rab5 and Rab7, the CCV is decorated with the constitutively active GTP-locked versions and not the GDP-locked dominantnegative proteins [43] . Overexpression of both wild-type and constitutively active Rab5 promotes bacterial entry and infection, whereas overexpression of dominant-negative Rab5 causes a significantly reduced infectivity [43] .
Overexpressing dominant-negative forms of Rab5 and Rab7 in cells already infected with C. burnetii results in the appearance of significantly smaller CCVs [43] . In the case of Rab5, this is likely to be an indirect effect because wild-type Rab5 is not present on the CCV at these later time points. However, these experiments highlight an active role for Rab7 in the formation of the spacious vacuole and indicate that the specialized CCV may form as a result of Rab7-mediated fusion of the CCV with late endosomes and lysosomes. It is feasible that C. burnetii translocates effectors that act on Rab7 to maintain it in an active form on the CCV.
Rab24 and autophagy
A role for autophagy in CCV development has been described. The induction of autophagy in cells before C. burnetii infection promotes enhanced vacuole formation and C. burnetii replication [45] . Indeed, CCV membranes are decorated with several markers of autophagy including LC3 (light chain 3) and MDC (monodansylcadaverine) suggesting an interaction between the CCV membrane and autophagic vesicles [43, 44] . After induction of autophagy, Rab24 redistributes to autophagosomes and co-localizes with LC3 [46] . Likewise, GFP-Rab24 was observed on the CCV membrane [45] . The specific cellular function of Rab24 is not clear; however, overexpression of both GFP-LC3 and GFP-Rab24 accelerates CCV formation, suggesting that the formation of autophagic vesicles could enhance membrane fusion events at the CCV during C. burnetii infection [45] .
Rab1b and the early secretory pathway
As described above, Rab1b localizes to ER-Golgi membranes and plays a critical role in early secretory events in the cell. CHO (Chinese-hamster ovary) cells stably overexpressing wild-type or constitutively active forms of GFP-Rab1b that were infected with C. burnetii show specific GFP labelling on the CCV membrane at late time points post-infection, and mostly for constitutively active Rab1b [47] . Overexpression of constitutively active Rab1b in both infected CHO cells and RAW264.7 macrophages results in numerous smaller CCVs suggesting that CCV development is altered when this mutant is overexpressed. In addition, disruption of endogenous Rab1b expression by either RNA interference or overexpression of a dominant-negative Rab1b results in smaller CCVs. The function of Rab1 and the secretory pathway in C. burnetii-infected cells is not well defined and several questions remain unanswered such as: is Rab1 regulating fusion events from the ER directly at the CCV membrane, or instead, is the phenotype described due to more indirect consequences of secretory pathway disruption?
The expansion of the CCV relies on continual membrane fusion with vesicles of the endolysosomal system. Since Rab GTPases are key regulators of membrane traffic, the importance of Rab protein function in C. burnetii infection is not surprising. In addition to Rab5 and Rab7, it is likely that additional Rabs that participate in phagocytosis, early and late endocytic trafficking, and recycling endocytosis also contribute to C. burnetii infection (Figure 2A) . Moreover, the localization of Rab24 and Rab1b to the CCV membrane indicates that additional Rab-regulated cellular pathways may participate in some of the membrane-fusion events required for vacuole expansion. A Rab GTPase network that collectively functions to promote vesicular trafficking of intracellular bacteria has been defined for several pathogens [48] [49] [50] . In this regard, a comprehensive approach to identify and characterize the kinetics of Rab recruitment to the CCV may offer a better understanding of CCV membrane-fusion events. Furthermore, the requirement for Dot/Icm secretion before vacuole expansion suggests that translocated effector proteins could mediate the recruitment and activation of specific Rab GTPases to the CCV membrane.
Conclusions
Defining the role of the host Rab GTPase network during infection can enhance the understanding of how distinct bacterial pathogens occupy diverse intracellular compartments.
A question that often remains is whether Rab proteins are directly recruited to phagosomal membranes by the action of bacterial effector proteins. L. pneumophila and C. burnetii present an interesting case study of how two pathogens that require a functionally similar Dot/Icm secretion system to replicate in cells can establish very different replicative niches. Translocated effector proteins specific to either of these bacteria are probably responsible for this clear distinction. Indeed, we summarize how L. pneumophila effector proteins spatially and structurally regulate the cellular GTPase Rab1. Addressing how these effectors alter the function of Rab1 during maturation to an ER-like compartment is an important question, as is determining the functional role of other LCV-localized Rab proteins. For C. burnetii, the challenge will be to functionally categorize Rabs present on the CCV during endocytic trafficking and those targeted to the CCV in a manner dependent on effector protein function. Given that maturation of the CCV relies both on Dot/Icm translocation and continuous fusion with cellular membranes, it is likely that Rabs are present on the mature CCV and are actively recruited by C. burnetii. This will be an interesting area of research to pursue and can provide an insight into the mechanisms of intracellular bacterial pathogenesis as well as expand on the role of Rabdependent trafficking pathways within the cell.
